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We introduce a novel merger of direct sequence code division multiple access (DS-CDMA) and smart antenna arrays. With re-
gard to the DS-CDMA scheme, we employ carrier interferometry DS-CDMA (CI/DS-CDMA), a novel implementation of DS-
CDMA where chips are decomposable into N narrowband frequency components. With regard to the antenna array, we deploy
the oscillating-beam smart array. Here, applying proper time-varying phases to the array elements, we create small movement
(oscillation) in the antenna array’s pattern, while steering the antenna pattern main lobe to the position of the intended user. The
oscillating antenna pattern creates a time-varying channel with a controllable coherence time. This, in turn, provides transmit
diversity in the form of a time diversity gain at the mobile receiver side. At the receiver, three stages of combining are available:
combining time components of the received signal within symbol duration TS (each experiencing a diﬀerent fade) to enhance
performance via time diversity; combining frequency components which make up the CI/DS-CDMA chip to enhance the perfor-
mance via frequency diversity; and combining across chips to eliminate the interfering users on the system.Merging CI/DS-CDMA
with the oscillating-beam smart antenna at the base station, we achieve very high capacity via the merger of SDMA (available
through directionality of the antenna array) and code division multiple access (inherent in CI/DS-CDMA), and very high perfor-
mance via the construction of receivers that exploit both transmit diversity and frequency diversity. We present the performance
gains of the proposed merger.
Keywords and phrases: smart antennas, antenna arrays, DS-CDMA systems, transmit diversity, carrier interferometry.
1. INTRODUCTION
Antenna arrays located at the base station (BS) enhance
wireless communication systems via (1) directionality, which
supports space division multiple access (SDMA); or (2)
more recently, a transmit diversity benefit, that is, a diver-
sity scheme that uses the antenna array at the BS to exploit
diversity at the mobile (see, e.g., [1, 2]). Recently, the authors
have introduced a new antenna array scheme in [3, 4, 5, 6]
which oﬀers both (1) high capacity via SDMA and (2) ex-
cellent probability-of-error performance at the mobile via its
transmit diversity benefits. Both benefits are available while
maintaining low mobile receiver complexity.
In the authors’ proposed antenna array of [3, 4, 5, 6], a
unique, carefully controlled time-varying phase shift is ap-
plied to each antenna array element, sweeping the beam pat-
tern directed to the mobile such that (1) the beam pattern
maintains a constant large scale fade for the symbol dura-
tion TS; (2) the beam pattern ensures L independent fades
within each TS; (3) after each TS, the antenna beam returns
to its initial position, and sweeps same area of space over TS
(leading to an oscillating antenna pattern and easing param-
eter estimation); (4) the movement of the beam pattern, as
a percentage of half-power beamwidth (HPBW), is small, al-
lowing the beam pattern to maintain directionality; and (5)
the bandwidth expansion due to beam pattern movement is
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negligible. In this paper, we merge this novel antenna array
technique with DS-CDMA systems.
Direct-sequence code division multiple access (DS-
CDMA) [7] is the world’s most popular CDMA architecture.
In DS-CDMA, each user’s bit is multiplied by a sequence
of N chips (short pulses of duration TC), where each chip
has amplitude +1 or −1. By careful selection of +1 and −1
values (spreading sequences), the receiver can separate users
one from another. To enhance performance via path diversity
(e.g., [8]), most DS-CDMA systems employ RAKE receivers,
which attempt to separate and linearly recombine the multi-
ple paths.
Recently, a novel chip shape referred to as the CI (carrier
interferometry) chip shape was introduced to DS-CDMA
[9, 10, 11, 12, 13]. Here, each chip is decomposable into N
orthogonal carrier components. As a result, when applying
these chip shapes, (1) the DS-CDMA receiver: achieves a fre-
quency diversity benefit (rather than a path diversity bene-
fit) by decomposing chips into carrier components and fre-
quency combining; and (2) the use of frequency combin-
ing in place of path combining (as done in RAKE receivers)
leads to a significantly improved performance via the ability
to avoid interpath interference [9, 10, 11, 12, 13].
In this work, we innovatively apply the oscillating-beam
antenna arrays of [3, 4, 5, 6] to DS-CDMA systems with CI
chip shapes (CI/DS-CDMA) of [9, 10, 11, 12, 13]. This en-
ables (1) very high capacity via the merger of SDMA (di-
rectionality of the antenna array) and CDMA (inherent in
CI/DS-CDMA); and (2) very high performance via the con-
struction of receivers that exploit both transmit diversity and
frequency diversity. We focus on the performance benefits of
the proposed merger.
In this work, we assume carrier frequency ( f0) much
larger than system bandwidth (BW) (e.g., f0 > 100 · (BW)),
a reasonable assumption in today’s mobile systems. Hence,
the antenna pattern is identical for the entire transmit band-
width. With this in mind, the CI/DS-CDMA signal is fed into
a singleM-element smart antenna array. By carefully design-
ing the phase shifts applied to antenna array elements, the re-
sulting beam pattern corresponds to an oscillating beam pat-
tern similar to that in [3, 4, 5, 6]. This leads to a time-varying
channel with a controllable coherence time. The controllable
coherence time is used by the mobile to exploit time diversity
and enhance performance.
The benchmark for comparison in this work is a CI/DS-
CDMA system employed in conjunction with a conventional
smart antenna array (an antenna array which creates an
adaptive beam pattern directed toward the intended user,
leading to increased capacity via SDMA, but, unlike the pro-
posed scheme, oﬀers no improvements in the performance
of CI/DS-CDMA system). This work highlights the perfor-
mance benefits that can be achieved by small oscillations in
the beam pattern of the smart antenna array.
Receivers are constructed to exploit both the transmit di-
versity, which corresponds to an induced time diversity pro-
vided by the antenna array, as well as the diversity inherent
in the CI/DS-CDMA system (an exploitable frequency di-
versity). Thus, at the receiver, three stages of combining are
present: (1) a combining of the time components with diﬀer-
ent fades (to exploit time diversity), (2) a combining across
frequency components (to exploit frequency diversity), and
(3) a combining across chips (to eliminate users in a tradi-
tional DS-CDMAmanner). We can apply the combining first
on the frequency components or first on the time compo-
nents, that is, the first and the second combining stages can
be interchanged.
Assuming (a) rich scattering environment (where, up to
7-fold time diversity is achievable via beam pattern move-
ment [5, 6]), (b) fully loaded CI/DS-CDMA with a process-
ing gain ofN = 32 (i.e., K = 32 orthogonal users are available
in the system), and (c) 4-fold frequency diversity over the en-
tire bandwidth, simulation results demonstrate that the pro-
posed system achieves 14 dB gain over a CI/DS-CDMA sys-
tem with a conventional smart antenna array at a probability
of error of 10−3. Performance gains are even more impres-
sive when the proposed system is compared to a traditional
DS-CDMA system with a conventional smart antenna array.
(These performance benefits are, in addition to the usual net-
work capacity gains, provided via SDMA.)
Section 2 introduces the merger of the beam-sweeping
smart antenna arrays and CI/DS-CDMA. Section 3 presents
receiver structures employing equal gain combining (EGC)
across frequency components followed by minimum mean
square error combining (MMSEC) across time domain com-
ponents. Section 4 presents simulated performance results,
while Section 5 presents a conclusion.
2. THEMERGER OF CI/DS-CDMA AND
BEAM-SWEEPING ANTENNA ARRAYS
2.1. The CI/DS-CDMA system
In DS-CDMA, considering a binary phase shift keying
(BPSK) modulation, a unique time sequence (N chips, each
with amplitude +1 or−1) is assigned to each user. Hence, the
kth user’s data bit, bk, is sent as
sk(t) = Re
{
bk · Ck(t) · e j2π f0t
}
, (1)
where bk is +1 or −1, f0 is the center or carrier frequency,







) · g(t). (2)
Here, cik ∈ {−1, +1} is the ith element of user k’s spreading
code, TC = TS/N is the chip duration, and g(t) is a rectangu-
lar waveform limiting the chip shape to duration TS. In the
proposed CI/DS-CDMA system of [9, 10, 11, 12, 13], the chip
shape h(t) corresponds to a multicarrier signal. Specifically,
the chip shape h(t) is a superpositioning of N narrowband




e j2πn∆ f t . (3)
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Figure 1: (a) h(t) and (b) {h(t − iTC), i = 0, 1, . . . ,N − 1} (N = 16).
Here, ∆ f ≥ 1/TS to ensure orthogonality (separability) be-
tween subcarriers of the chip shape. The magnitude of h(t)
is shown in the Figure 1a assuming ∆ f = 1/TS and the set
{h(t − iTC), i = 0, 1, . . . ,N − 1} is shown in Figure 1b. It
is important to note that h(t − jTC) and h(t − kTC) (k = j)
are orthogonal to one another, and hence chips are separable.
Referring to (3) and Figure 1, the CI chip shape corresponds
to a frequency sampled version of the sinc(·) shape.
2.2. Proposed antenna array structure
The CI/DS-CDMA signal characterized by (1), (2), and (3)
is fed into a single M-element antenna array (see Figure 2).
The mth array element applies the phase shift mθ(t,φ), m ∈
[0,M − 1].
The beam pattern oscillation is created by careful selec-
tion of the antenna element’s phase oﬀset, θ(t,φ). The an-
tenna array’s beam pattern movement will be designed to en-
sure (1) constant large scale fading, that is, the mean of the
Rayleigh fading is constant over the symbol duration TS; and
(2) that L independent fades are generated within each par-
tition TS. In other words, the antenna array beam pattern is
swept in a manner which ensures constant large scale fading
over symbol duration TS while ensuring L independent fades
within each TS.
Criterion 1: Constant large-scale fading
To ensure constant large-scale fading over each symbol time
duration TS, the beam pattern must remain in the antenna
array HPBW. That is [4]
∣∣∣∣TS · dφdt
∣∣∣∣ = κ ·HPBW, 0 < κ < 1, (4)
where φ is the azimuth angle, dφ/dt is the rate of antenna pat-
tern movement, and TS · (dφ/dt) is the amount of antenna
pattern movement in TS. The parameter κ, selected such that
0 < κ < 1, guarantees that the received antenna pattern am-
plitude is within the 3 dB beamwidth for the entire symbol
duration. This parameter κ is referred to throughout as the
antenna array control parameter as it determines (restricts)
the amount of beam pattern movement permitted in time
duration TS. Equation (4) corresponds to selecting the phase








Figure 2: The antenna array structure over which the CI/DS-
CDMA signal is sent.
oﬀset applied to the antenna elements according to [4]








, t ∈ [0,TS],
(5)
where d0 is the distance between the adjacent antenna ele-
ments as shown in Figure 2, λ0 is the average wavelength ap-
plied to the antenna array, and, for ease in presentation, we
have assumed a mobile located at φ0 ≈ π/2. After each time
duration TS, θ(t,φ) returns to its t = 0 value (returning the
beam pattern to its original position) and θ(t,φ) then recre-
ates an identical spatial movement over the next TS duration.
Assuming a small HPBW, (5) can be simplified to







, t ∈ [0,TS]. (6)
Criterion 2: Independent fades
Movement of the antenna array beam pattern based on the
time-varying antenna array phases in (5) or (6) results in a
time varying channel, and rate of variation of the channel is
measured by coherence time, TC . Coherence time, in turn,
determines the number of independent fades over duration
TS. Computation of the coherence time requires modeling a
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channel in the presence of a moving beam pattern. In [5, 6]
a linear time-varying impulse response model is introduced
to characterize the channel with a beam pattern oscillation
based on (6). The channel impulse response was character-
ized using the so-called geometric-based stochastic channel
model (GSCM) [14, 15]. Simulation results with the antenna
array control parameter restricted to 0.0005 < κ < 0.05
demonstrated that the channel coherence time due to beam
pattern movement leads to an available diversity gain of up
to L ≈ 7 [5, 6].
Specifically, based on our earlier work in [5, 6], we
demonstrated how a 7-fold time diversity benefit is achieved
(by beam pattern movement) in a mid-sized city center as-
suming three scatterers with an average size of 20m in every
1000m2, κ = 0.05 (i.e., beam patternmovement corresponds
to 5% of the HPBW), BS-mobile distance x0 = 1000m,
and HPBW = 0.3 radian (i.e., HPBW ≈ 17◦). (To create
HPBW ≈ 17◦ requires M = 6 antenna array elements—
hence, the number of elements may be a small value.)
3. RECEIVER DESIGN
User k’s signal, input to the antenna array of Figure 2, corre-
sponds to (using (1) and (2))
sk(t) = Re
{









which, using h(t) in (3), leads to
sk(t)=Re
{






e j2πn∆ f (t−iTC) · g(t)
}
,
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where βin = 2πi · n∆ f TC . The output of the mth element of
the antenna array, after application of phase oﬀset mθ(t), is
simply
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The presence of θ(t) creates a frequency oﬀset; how-
ever, with θ(t) selected according to (6) (and considering
κ < 0.05), and assuming the distance between the antenna
elements d = λ/2, antenna HPBW = 0.3, and M = 6 ele-
ments, it is easily shown that the frequency oﬀset induced by
θ(t) is less than 5% of a 1MHz bandwidth. Hence, we ignore
this frequency oﬀset in our presentation. The total downlink
transmitted signal, considering all antenna elements (all m)



















f0 + n∆ f
)
· t − βin +mθ(t)
))
, t ∈ [0,TS],
(10)
where 1/M is a normalization factor compensating for trans-
mission overM array elements.
At the receiver side, the transmit diversity (due to an-
tenna array movement generated by θ(t)) corresponds to an
L-fold time diversity. Hence, the received signal in duration
[0,TS] can be divided into time slots [lTS/L, (l + 1)TS/L],
where l ∈ [0,L − 1], and each time slot contains a signal
















f0 + n∆ f















, l = 0, 1, . . . ,L− 1.
(11)
First, we explain the αln and ξ
l
n terms in (11). Because each
chip shape is a multicarrier signal, the frequency selectivity
of the fade is resolved by the multicarrier components (as in
OFDM [16] and MC-CDMA [17]). That is, each carrier n,
n ∈ {0, 1, . . . ,N − 1}, that makes up the chip shape, experi-
ences a unique flat fade. αln is the fade on the nth carrier in
the lth time slot (due to fading) and ξln is the phase oﬀset in
the nth carrier and lth time slot (due to fading) (hereafter,
this phase is assumed to be tracked and removed). The fades
αln over the subcarriers that make up each CI chip, that is,
{αl0,αl1, . . . ,αlN−1} are correlated Rayleigh random variables
with correlation coeﬃcient between the p subcarrier fade




(p − q) · (∆ f /(∆ f )C))2 , (12)
where (∆ f )C is the coherence bandwidth of the channel. In
addition, in (11), the nl(t) term represents the white Gaus-
sian noise in the lth time slot, and the antenna array intro-






· cosφ + θ(t). (13)
Here, (2πd0/λ0) · cosφ represents the phase oﬀset due to the
diﬀerence in distance between antenna array elements and
the mobile (assuming the smart antenna array is mounted
horizontally). Moreover, in (11), the antenna array also
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Figure 3: User h (a) mobile receiver and (b) chip j receiver.















Assuming the mobile is located on the antenna beam main
axis (φ0 = π/2), and assuming a small beam pattern move-
ment (κ < 0.05), we can simplify (11) by assuming γ(t,φ) ∼=
γ(t) = θ(t) and AF(t,φ) ∼= 1 at the mobile’s position for all
t ∈ [0,TS].
The CI/DS-CDMA receiver is shown in Figures 3a and
3b, where Figure 3a shows the overall receiver structure for
user h, and Figure 3b details the block entitled “chip j re-
ceiver” (in Figure 3a). In other words, the receiver operates as
follows: first, the received signal is processed through a total
ofN chip receivers, where chip j’s receiver (a) decomposes its
chip into N carrier components, and (b) recombines across
the carrier components to recreate the chip while achieving a
frequency diversity benefit. In addition, because a time di-
versity benefit is available (via transmit diversity), chip j’s
receiver also (c) combines across time components to recre-
ate the chip with a frequency-time diversity gain. Next, once
each chip is recreated with an enhanced diversity benefit, the
receiver of Figure 3a performs a combining across chips in a
usual DS-CDMA manner to eliminate interfering users’ sig-
nals.
Mathematically, the receiver operates as follows. First, the
received signal enters chip j’s receiver. Here, the carrier com-
ponent is removed from the incoming signal, and the signal
is split into N branches (one per carrier component). On the
nth branch, the nth carrier is returned to baseband and sep-
arated from other carriers by application of a lowpass filter.
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(To ensure perfect separability of the carriers (that make up
the jth chip) via filtering, we select ∆ f = 2/TS.)
Each baseband signal (one per carrier) is integrated over
each interval over which the fade is constant, that is, over t ∈
[lTS/L, (l+1)TS/L], l ∈ [0,L−1]. After applying phase oﬀsets
to theN frequency components (phase oﬀsets corresponding
to the delay jTC , separating the jth chip from other chips),
the signal in the jth chip’s receiver, for each carrier n, n ∈









































cik · ρi, jn







TS/2. In (15), the first term represents the de-
sired nth frequency component and lth time component of
chip j for the desired user (user h); the second term is the
interchip interference due to other chips from the same user
(where ρ
i, j
n = cos(βin − βjn) is the correlation between the ith
chip and the jth chip in carrier n); the third term is the inter-
ference due to the same chip from other users, and the fourth
term represents the interference from diﬀerent chips of dif-
ferent users. Moreover, n
l, j
n,h is a zero mean Gaussian random
variable with variance (N0/2)/(N2 · L), independent across
diﬀerent carriers n and diﬀerent time slots l, but correlated
across chips, with correlation ρ
i, j
n between the ith chip noise
and the jth chip noise.
It is also important to note the factor of 1/L in the first
term (desired term) in (15), which is a direct result of the
division of the received signal interval into L partitions (to
create L-fold time diversity) (i.e., a direct result of the L-fold
oversampling strategy).
Following the decomposition of the jth chip into its time
and frequency components, each with a unique fade, a lin-
ear combining strategy is employed to recreate the jth chip
with a joint time-frequency diversity benefit. Using the lin-
ear combining scheme discussed in the next paragraph, we
combine the r
l, j
n,h over time components (l) and frequency
components (n) (with L × N diversity components, L over
time and N over frequency) to simultaneously reduce the in-
terchip interference and the noise, and achieve high diver-
sity gains. This leads to the output, R
j
h, which (referring to
Figure 3a) is combined across the N chips in the usual DS-
CDMAmanner to eliminate other users interference (term 3






h · Rjh. (16)
This Rh term enters a hard decision device which generates
the final decision, bˆh. The time-frequency combiner recre-
ating the jth chip from its time-frequency components (in
Figure 3b) is designed using EGC-MMSEC, that is, EGC
across L time components followed byMMSEC acrossN fre-
quency components. Applying EGC in time, then the Wien-
ner filter principle [19] to determine the MMSEC across car-





















































































and N ′0n/2 is the noise variance of n
j
n,h in (20), that is,
(N0/2)/N2.
4. SIMULATED PERFORMANCE
For simulation purposes, we consider (1) CI/DS-CDMAwith
a processing gain of N = 32; (2) each CI/DS-CDMA chip is
composed ofN = 32 carriers (see (3)); (3) the CI/DS-CDMA
system is fully loaded with K = 32 orthogonal users employ-
ing Hadamard-Walsh codes; (4) the frequency selectivity of
the channel results in 4-fold frequency diversity over the en-
tire bandwidth, that is, (∆ f )C/BW = 0.25, and (5) beam pat-
tern movement results in L = 7 independent fades in the du-
ration TS (see Section 2 and [5]).
In Figure 4, a typical simulation result is provided for the
proposed CI/DS-CDMA—oscillating beam antenna-array
merger. The simulation results in Figure 4 are compared with
those of CI/DS-CDMA with a conventional smart antenna
at the BS. Here, MMSEC is applied to the subcarriers of the
received CI/DS-CDMA signal [9, 10, 11, 12, 13]. It is ob-
served that the introduction of a smart antenna array with
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Traditional DS-CDMA without beam oscillation
CI/DS-CDMA without beam oscillation
CI/DS-CDMA with beam oscillation, EGC-EGC
CI/DS-CDMA with beam oscillation, EGC-MRC
CI/DS-CDMA with beam oscillation, EGC-MMSEC
AWGN channel
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Figure 4: Simulation results.
beam-pattern oscillation at the BS introduces an improve-
ment of more than 14 dB at a probability of error of 10−3
(at themobile via EGC-MMSEC combining technique) com-
pared to CI/DS-CDMA with traditional smart antenna ar-
rays. When compared to traditional DS-CDMA with RAKE
reception (e.g., [8]) combined with a conventional smart an-
tenna array, even larger performance gains are achieved, as
shown in Figure 4. In Figure 4, EGC-MMSEC technique is
compared with EGC-EGC and EGC-MRC (maximal ratio
combining) schemes. EGC-MMSEC achieves excellent per-
formance relative to other combining options.
5. DISCUSSION AND CONCLUSION
CI/DS-CDMA signals are sent via a single antenna array at
the BS, and received by a single antenna at the mobile station.
The phase shifts introduced to the BS antenna array elements
are designated to control the antenna pattern movement (os-
cillation) such that it achieves directionality and transmit di-
versity.
Receivers employ diversity combining in the frequency
and time domains, and significant performance improve-
ment is shown when compared to the CI/DS-CDMA system
with a conventional antenna array. This performance gain
highlights the significance of small beam pattern movement
in smart-antenna-array CDMA systems. This performance
leads to high network capacity in terms of number of users.
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